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A number of polysilane-based copolymers with organogermanes and organostannanes have been prepared by the
Wurtz-type reductive coupling of the corresponding dichlorodiorgano group 14 precursors. The copolymers synthesised
were poly(di-n-butylgermane-co-methylphenylsilane), poly(di-n-butylgermane-co-n-hexylmethylsilane), poly(di-n-
butylstannane-co-methylphenylsilane) and poly(methylphenylsilane-co-diphenylgermane). Poly(di-n-butylsilane) and
poly(di-n-butylgermane) were also synthesised by the room temperature polymerisation of the dichloro-precursors in
THF at room temperature and obtained in the highest reported yields to date from a Wurtz-type polymerisation.
The polymers and copolymers were characterised by 1H, 13C, 29Si and 119Sn NMR spectroscopy and UV–vis spectros-
copy. The 29Si and 119Sn NMR spectroscopic data provided unambiguous evidence for the incorporation of germane
and stannane units into the predominantly polysilane backbones. The 119Sn analysis is the first reported for such
copolymers. UV–vis spectroscopy demonstrated that increasing the molar ratios of stannane:silane in the final copoly-
mer led to a red-shift in the observed broad absorption peak. One of the organosilane-organostannane copolymers
(PMPS-co-BuSn 2) was analysed by extended X-ray absorption fine-structure spectroscopy (EXAFS) and X-ray
absorption near-edge spectroscopy (XANES). Bond lengths were obtained for Sn–Sn (2.82 A˚), Sn–Si (2.58 A˚) and
Sn–C (2.15 A˚) and they correspond to those expected for Sn based compounds.
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The Wurtz-type reductive coupling polymerisa-
tion of dihalodiorganosilanes (Scheme 1) has been
the primary method of synthesis of polysilanes for
two decades [1]. Contemporary interest in polysil-
anes commenced in the late 1970s with the discov-
eries by Mazjyasni, West and David, and later in
the 1980s by Trujillo, and Wesson and Williams,
and others, of the synthesis of tractable polysilanes
by the reduction of dichlorodiorganosilanes with
molten sodium in toluene [2]. Much of the interest
in the synthesis of polysilanes has stemmed from
one of three major properties: (i) their ability to
form Si–C upon heating; [3] (ii) their sigma-conju-
gated backbones giving rise to strong absorptions
in the near-UV region of the spectrum [4]; in turn
giving rise to non-linear optical [5] and hole-trans-
port properties [6] amongst others; (iii) their phot-
olability, i.e. degradation upon prolonged
exposure to incident UV radiation [7]. These prop-
erties can be modified by a number of means, the
most common approach being the use of a variety
of dichlorodialkylsilane, dichloroalkylarylsilane or
diarylsilane precursors in syntheses of homopoly-
mers or copolymers. Recently, increasing interest
has been paid to the attachment of heteroatom
based substituents to the main chain either prior
to, or subsequent to, polymerisation. A further
route to the modification of polysilane properties
is the incorporation of non-silicon based mono-
meric units in polysilane based copolymers whilst
maintaining the conjugation of the backbone [8].
The incorporation of germane or stannane units
through Wurtz-type reductive coupling polymeri-
sations of the appropriate precursors has received
somewhat less attention, though there are a num-
ber of papers detailing the electrochemical prepara-
tion of silane–germane and silane-stannane
polymers [9]. Examples of soluble silane-germane
copolymers prepared by the Wurtz polymerisationScheme 1.were first described by Trefonas and West [10]. An
example of a silane–stannane low molecular weight
copolymer prepared in this manner was described
briefly by Matyjaszewski et al. [11] and a higher
molecular weight poly(di-n-butylstannane-methyl-
phenylsilane) was described by Jones et al. [12].
Whereas the Wurtz-type reductive coupling of
dibutyldichlorostannane to give high molecular
weight polymers has been demonstrated by Price
et al. [13] they have more commonly been synthes-
ised by dehydrogenative coupling polymerisations
[14]. In this paper we describe the preparation
and structural characterisation of a number of
polysilane-based copolymers with organogermanes
and organostannanes . Of particular interest is an
EXAFS study of one of the poly(silane-co-stannane)
copolymers giving valuable structural information
about the Si, Sn and C bond lengths in this
material; this is the first use of EXAFS to measure
bond lengths directly in this type of copolymer.2. Experimental
2.1. Materials
Dichloromethylphenylsilane, dichloro-n-hexyl-
methylsilane, di-n-butyldichlorosilane and di-n-
butyldichlorogermane were purchased from
Aldrich and distilled and stored under nitrogen at
4 C. Di-n-butyldichlorostannane was purchased
from Aldrich and used as received. THF and tolu-
ene were purchased from Fisher and pre-dried
over MgSO4, dried over Na wire and then distilled
under N2 over Na (and in the case of THF, benzo-
phenone) immediately prior to use. Methanol
(analytical grade), purchased from Fisher, was
used as received. Anhydrous methanol was pre-
pared by pre-drying over CaH2 and then distilling
under N2 over fresh CaH2 immediately prior to
use.
Sodium dispersions were prepared immediately
prior to use by heating the freshly cut metal in dis-
tilled toluene under reflux before dispersing it into
a fine sand using an homogeniser (Ultra Turax T8,
homogenizer, IKA Labortechnik). The toluene
was removed under vacuum. All glassware was
flamed dried under vacuum prior to use.
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1H, 13C, 29Si and 119Sn NMR spectra were re-
corded as CDCl3 solutions at 30 C using a JEOL
GSX-270 spectrometer. Integration of the appro-
priate peaks in the 1H NMR spectra allowed for
the calculation of composition ratios for the
copolymers with the exception of PDBGe-co-
PHMS for which overlap of the relevant alkyl
peaks made determination of the composition
highly inaccurate. UV–vis spectra were recorded
from THF solutions either on a Unicam Helios
Beta or Unicam UV500 series spectrometer.
Molecular weights of the polymers were deter-
mined at 40 C as linear polystyrene equivalents
in THF solution using size exclusion chromato-
graphic (SEC) equipment supplied by Polymer
Laboratories Ltd. consisting of a bank of two
300 · 7.5 mm PLgel mixed-C columns, an LC
1120 HPLC pump a Knauer K-2600 UV detector
and a Shodex RI-101 refractive index detector.
2.3. Synthesis
2.3.1. Poly(di-n-butylgermane-co-
methylphenylsilane) PDBGe-co-PMPS
A solution of dichloromethylphenylsilane
(3.14 ml, 3.70 g, 19.4 mmol) and di-n-butyldichlor-
ogermane (2.06 ml, 2.50 g, 9.7 mmol) in toluene
(20 ml) was added dropwise over approximately
1 minute to a sodium dispersion (1.47 g,
63.9 mmol) in toluene (40 ml) under reflux condi-
tions. The appearance of the purple/blue colour
that is characteristic of Wurtz-type reductive cou-
plings was almost instantaneous upon addition.
The reaction mixture was stirred and heated under
reflux conditions for 2 hours whereupon the reac-
tion mixture was allowed to cool to room temper-
ature. The solution was filtered and transferred via
a cannula to a Schlenk tube and anhydrous meth-
anol (240 ml) was added drop-wise with stirring.
After filtration the product was then re-dissolved
in the minimum of THF and twice re-precipitated
from methanol (4 times volume of THF). The fi-
nal product was obtained as a white sticky solid in
22% yield.
1H NMR (CDCl3, ppm) d: 1.1 to 1.4 (Si–CH3,
Ge-(CH2)3CH3), 6.3–7.5 (Si–Ph).
13C NMR(CDCl3, ppm) d: 5.5 (Si–CH3), 13.5 (Ge–
(CH2)3–CH3), 25.5, 26.7, 29.9 (Ge–(CH2)3CH3),
127.6, 133.3, 134.8, 136.9 (Si–Ph). 29Si NMR
(CDCl3, ppm) d: 30 to 33.8 (–Si–Ge–Si–),
39.0 to 41.0 (–Si–Si–Si–).
2.3.2. Poly(di-n-butylgermane-co-n-
hexylmethylsilane) PDBGe-co-PHMS
A solution of dichloro-n-hexylmethylsilane
(5.43 ml, 5.22 g, 19.4 mmol) and di-n-butyldichlor-
ogermane (2.06 ml, 2.50 g, 9.7 mmol) in toluene
(20 ml) was added drop-wise over approximately
2 min to a sodium dispersion in toluene (40 ml) un-
der reflux conditions. The appearance of a purple/
blue colour occurred approximately 5 min after
monomer addition. The reaction mixture was stir-
red and heated under reflux conditions for 2 h
whereupon the reaction mixture was allowed to
cool to room temperature. Anhydrous methanol
(15 ml) was added to the rapidly stirred mixture
which after approximately 5 min was added via a
dropping funnel to rapidly stirred anhydrous
methanol (240 ml). After filtration the product
was re-dissolved in the minimum of THF and
twice re-precipitated from methanol (4 times vol-
ume of THF). The product was obtained as a
white sticky solid in 20% yield.
1H NMR (CDCl3, ppm) d: 0.08–0.30 (Si–CH3),
0.60–1.1 (Si–(CH2)5CH3), 1.1–1.6 (Ge–
(CH2)3CH3).
13C NMR (CDCl3, ppm) d: 4.2
(Si–CH3), 13.6 (Ge–(CH2)3–CH3), 14.1 (Si–
(CH2)5CH3), 15.0, 17.0, 31.2, 31.6, 34.0 (Si–
(CH2)5CH3), 22.7, 27.1, 30.6 (Ge–(CH2)3CH3).
29Si NMR (CDCl3, ppm) d: 33.0 (–Si–Ge–Si–),
32.4 (–Si–Si–Si–).
2.3.3. Poly(methylphenylsilane-co-
diphenylgermane) PMPS-co-PDPGe
A similar procedure to that outlined for the
synthesis and purification of poly(di-n-butylgermane-
co-methylphenylsilane) was followed using dichlo-
romethylphenylsilane (2.71 ml, 3.21 g, 16.8 mmol)
and diphenyldichlorogermane (1.77 ml, 2.50 g,
8.39 mmol). The product was obtained as a white
powdery solid in 30% yield.
1H NMR (CDCl3, ppm) d: 1.2 to 0.45 (Si–
CH3), 6.0–7.5 (Ge–Ph, Si–Ph).
13C NMR (CDCl3,
ppm) d: 4.0 to 8.0 (Si–CH3), 127.6, 133.2,
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(Ge–Ph). 29Si NMR (CDCl3, ppm) d: 12.5 (Si–
OCH3), 27.5 to 35.2 (–Si–Ge–Si-), 36.4 to
42.0 (–Si–Si–Si–).
2.3.4. Poly(di-n-butylstanane-co-
methylphenylsilane) PDBSn-co-PMPS 1
A solution of dichloromethylphenylsilane
(10 ml, 11.76 g, 61.5 mmol) and di-n-butyldichlo-
rostannane (9.34 g, 30.7 mmol) in THF (5 ml)
was added dropwise over approximately 20 min
to a sodium dispersion (1.47 g, 63.9 mmol) in
THF (60 ml) with stirring. The appearance of a
blue/black colour became apparent after 55 min
from the start of the precursor addition. The reac-
tion mixture was stirred for 2 h in total. Anhy-
drous methanol (15 ml) was added to the
rapidly stirred mixture and after approximately
5 min the mixture was added via a dropping funnel
to rapidly stirred anhydrous methanol (280 ml).
After filtration the product was then re-dissolved
in the minimum of THF and twice re-precipitated
from methanol (4 times volume of THF). The
product was obtained as a very pale yellow powder
in 10% yield.
1H NMR (CDCl3, ppm) d: 1.0 to 0 (Si–CH3),
0.51 (Sn–(CH2)3CH3), 0.84, 1.29, 1.67 (Sn–
(CH2)3CH3), 6.2–7.4 (Si–Ph).
13C NMR (CDCl3,
ppm) d: 6.3 (Si–CH3), 8.1 (Sn–(CH2)3–CH3),
13.5, 27.2, 32.1 (Sn–(CH2)3CH3), 127.1, 133.2,
134.7, 136.3 (Si–Ph). 29Si NMR (CDCl3, ppm) d:
8.9 (Si–OCH3), 30 to 33.8 (–Si–Sn–Si–),
39.0 to 41.0 (–Si–Si–Si–).
Similar procedures were followed for the syn-
theses of PDBSn-co-PMPS 2 and PDBSn-co-
PMPS 3 but varying the relative proportions of si-
lane to stannane precursors as indicated below:
PDBSn-co-PMPS 2. Dichloromethylphenylsi-
lane (10 ml, 11.76 g, 61.5 mmol) and di-n-butyldi-
chlorostannane (6.23 g, 20.4 mmol).
PDBSn-co-PMPS 3. Dichloromethylphenylsi-
lane (10 ml, 11.76 g, 61.5 mmol) and di-n-butyldi-
chlorostannane (4.67 g, 15.3 mmol).
2.3.5. Poly(di-n-butylstannane-co-
methylphenylsilane) PDBSn-co-PMPS 4
A solution of di-n-butyldichlorostannane
(4.66 g, 15.5 mmol) in dichloromethylphenylsilane(10 ml, 61.5 mmol) was added to a sodium disper-
sion (3.54 g 153.7 mmol) over 1 min. This mixture
was then heated in an oil bath at 130 C and rap-
idly stirred for 22 min. The characteristic purple/
black colour became observable after 2 min. After
removing from the heat, toluene (10 ml) was
added, the mixture was cooled to room tempera-
ture and anhydrous methanol (50 ml) was added
slowly over 5 min with rapid stirring. The mixture
was filtered, the grey/solid fraction dissolved in
THF (50 ml) and filtered again before precipita-
tion (200 ml) from methanol. The solid was fil-
tered, vacuum dried and then stirred in hexane
for 4 h, filtered and dried under vacuum. The final
product was obtained as an off-white powder in
16% yield.
Similar procedures were followed for the syn-
theses of PDBSn-co-PMPS 5 and PDBSn-co-
PMPS 6 but the reaction time was reduced to
8 min and the relative proportions of silane to
stannane precursors were altered as indicated
below.
PDBSn-co-PMPS 5. Dichloromethylphenylsi-
lane (10 ml, 11.76 g, 61.5 mmol) and di-n-butyldi-
chlorostannane (6.23 g, 20.4 mmol).
PDBSn-co-PMPS 6. Dichloromethylphenylsi-
lane (10 ml, 11.76 g, 61.5 mmol) and di-n-butyldi-
chlorostannane (4.67 g, 15.3 mmol).
2.3.6. Poly(di-n-butylsilane-co-methylphenylsilane)
PDBS-co-PMPS
A solution of dichloromethylphenylsilane
(2.27 ml, 2.68 g, 14.0 mmol) and di-n-butyldichlo-
rosilane (1.50 ml, 1.49 g, 7.0 mmol) in toluene
(20 ml) was added dropwise over approximately
1 min to a sodium dispersion (1.47 g, 63.9 mmol)
in toluene (40 ml) under reflux conditions. The
appearance of purple/blue colour was almost
instantaneous upon addition. The reaction mix-
ture was stirred and heated under reflux condi-
tions for 2 h where upon the reaction mixture
was allowed to cool to room temperature. The
solution was filtered and transferred via cannula
to a Schlenk tube and anhydrous methanol
(240 ml) was added drop-wise with stirring. After
filtration the product was re-dissolved in the min-
imum of THF and twice re-precipitated from
methanol (4 times volume of THF). The final
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22% yield.
1H NMR (CDCl3, ppm) d: 1.2 to 1.4 (Si–CH3,
Si–(CH2)3CH3), 6.2–7.5 (Si–Ph).
13C NMR
(CDCl3, ppm) d: 6.6 (Si–CH3), 13.6 (Si–
(CH2)3–CH3), 25.2, 26.8, 29.2 (Si–(CH2)3CH3),
127.5, 133.7, 135.1, 136.9 (Si–Ph). 29Si NMR
(CDCl3, ppm) d: 9.2 (MePhSi–OCH3), 5.4
(Bu2Si–OCH3), 23.6 (–MePhSi–Bu2Si–MePhSi–),
39.0 to 41.0 (–Si–Si–Si–).
2.3.7. Poly(di-n-butylsilane) (PDBS)
A similar procedure was followed to that out-
lined in the literature [15] using di-n-butyldichlo-
rosilane (2.97 g, 13.9 mmol) and Na (0.64 g,
27.8 mmol) in THF.
The product was obtained as a white powder in
54% yield after purification by precipitation.
The 1H, 13C and 29Si NMR spectra were in
accordance with those previously recorded in the
literature [16].
2.3.8. Poly(di-n-butylgermane) (PDBGe)
A similar procedure was followed to that out-
lined in the literature [15] using di-n-butyldichloro-
germane (0.5 g, 1.9 mmol) and Na (0.1 g,
3.8 mmol) in THF.
The product was obtained as a white powder in
50% yield after purification by precipitation.
The 1H and 13C NMR spectra were in accor-
dance with those previously recorded in the litera-
ture [20,21].
2.4. X-ray absorption spectroscopy
X-ray absorption spectra at the Sn K edge
(29200.1 eV) were collected on beamline 9.2 of
the CLRC Daresbury Laboratory, UK, operating
under beam conditions of 2 GeV, 200 mA using an
Si(220) double-crystal monochromator.
Appropriate amounts of copolymer samples
were finely ground with boron nitride and pressed
(5 bar) into 13 mm pellets producing a suitable edge
jump between 0.2 and 1. Spectra were recorded in
transmission mode at 80 K by cooling the samples
with a cold finger liquid-nitrogen cryostat. EXAFS
data were collected with 60% harmonic reduction
up to k = 20 A˚1. Typical acquisition time for eachdataset was 1 h, and typically three datasets were
collected and averaged for each sample. Exact cali-
bration of the X-ray energy for detailed comparison
of the XANES features was achieved by simulta-
neously recording the spectrum of a 5 lm Sn foil
in the monitor position.
Data reduction and analysis of the X-ray
absorption spectra was performed using the pro-
grams EXBROOK and EXCURV98 [17]. EXAFS
structural refinements were carried out using k3
weighting.3. Results and discussion
3.1. Copolymer syntheses
The germane copolymers (Fig. 1) were synthes-
ised following standard Wurtz-type reductive cou-
pling polymerisations, generally following
procedures first described by Trefonas and West
[10]. The yield for the diphenylgermane copolymer
(PHMS-co-PhGe) was higher than that of the
analogous dibutylgermane copolymer and this ac-
cords with generally higher yields of polymer ob-
tained from aromatic silane precursors from the
Wurtz polymerisation. This is a result of the stabil-
isation of the Si anion intermediate by the aro-
matic ring in the polymerisation leading to a
higher kinetic, i.e. linear, product over the thermo-
dynamic, i.e. cyclic product [1].
Our group has previously reported the synthesis
of two organosilane–organostannane copolymers
[12]. The first was synthesised in toluene following
standard Wurtz polymerisation conditions and the
second was synthesised in the absence of any sol-
vent by the direct reaction of the precursors with
the sodium. Both copolymers were synthesised
using stannane to silane monomer molar ratios
of 4:1 and gave copolymers with silane:stannane
composition ratios of 6:1. The copolymerisation
in the absence of a solvent gave a higher molecular
weight copolymer in higher yield than that using a
toluene solvent. Consequently in this study a num-
ber of copolymers (Fig. 1) were synthesised using
the Wurtz polymerisation in the absence of a sol-
vent and with various DCMPSi:DBSn molar ra-
tios (PDBSn-co-PMPS 4–6). The physical and
Table 1
Reaction variables and molecular weight parameters of the polymers
Polymer Monomer ratio Solvent Mn Mw
PDBS-co-PMPS 2:1 Toluene 94370 560
PDBGe-co-PMPS 2:1 Toluene 2000 21
PDBGe-co-PHMS 2:1 Toluene 16500 173
PMPS-co-PhGe 2:1 Toluene 2800 18
PDBS – THF 12800 42
PDBGe – THF 6300 21
PDBSn-co-PMPS 1 4:1 THF 6600 11
PDBSn-co-PMPS 2 3:1 THF 4200
PDBSn-co-PMPS 3 2:1 THF 2850
PDBSn-co-PMPS 4 4:1 None 5700 22
PDBSn-co-PMPS 5 3:1 None 3400
PDBSn-co-PMPS 6 2:1 None 3650 20
a The molar ratio of MePhSi units to Bu2Si, Bu2Ge, Ph2Ge or Bu2
Fig. 1. The structures of the polymers and copolymers
synthesised in this work.
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copolymers are given in Table 1. Yields were typ-
ically in the range 10–20% and it is likely that
the yields were highly dependent upon the surface
area of the sodium dispersion [1,18].
However the application of the Wurtz-type
reductive coupling polymerisation in the absence
of a solvent is dangerous given the rate of the reac-
tion under these conditions and the highly exother-
mic nature of the reaction. Recently our group has
demonstrated that the Wurtz-type reductive cou-
pling polymerisation of dichlorodiorganosilanes
in THF at room temperature using a sodium dis-
persion gives excellent yields of intermediate
molecular weight polysilanes [15,19]. This was fur-
ther confirmed in this study by the synthesis of
poly(di-n-butylsilane) (PDBS) by the room tem-
perature THF method. For the first time this syn-
thetic procedure was also applied to the
homopolymerisation of a polygermane, poly(di-
n-butylgermane) (PDBGe). The previous maxi-
mum yield obtained for poly(di-n-butylgermane)
synthesised by the Wurtz-reductive coupling poly-
merisation was 41% [20] and the maximum yield
recorded from an electrochemical synthesis was
31% [21]. When synthesised by the room tempera-
ture THF procedure, we obtained PDBGe in a rel-
atively high yield of 50% after purification.
When the room temperature THF proce-
dure was applied to the copolymerisation ofand copolymers synthesised
Mw/Mn Yield kmax (nm) Copolymer comp.
a
300 5.9 46 327 2.2:1
020 10.5 22 336 2.6:1
180 10.4 20 314 –
090 6.5 30 340 2.9:1
000 3.3 54 316 –
500 3.4 50 328 –
740 1.7 10 334 7.7:1
7250 1.7 13 339 6.2:1
5740 2.0 22 342 5.5:1
700 4.0 12 – 8.9:1
8900 2.6 16 – 5.7:1
100 5.5 10 – 5.7:1
Sn.
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rostannane (PDBSn-co-PMPS 1–3) similar yields
were achieved to those from the reactions
performed in the absence of solvent (PDBSn-co-
PMPS 4–6). In all cases the molar ratio
of di-n-butylstannane:methylphenylsilane in the
copolymers was less than that of the feed ratio
of the monomers (Table 1). Generally the incor-
poration of di-n-butylstannane units into such
polysilanes is relatively poor, which might be ex-
pected considering the high relative reactivity of
the stannane species. An indication of the reactiv-
ity of the tin monomer is given by the presence of
a dark grey insoluble material formed during the
polymerisation, which is presumably tin metalFig. 2. 29Si spectra of varesulting from the full reduction of the precursor
by the sodium.
3.2. NMR spectroscopic analysis
The proton and carbon NMR spectra for all of
the copolymers correlate with those either previ-
ously reported in the literature or with what would
be expected from analysis of the spectra of the cor-
responding homopolymers. Of particular interest,
however, were the 29Si spectra, which give direct
information about the structure of the polymer
backbone.
Representative 29Si NMR spectra of the copoly-
mers are shown in Fig. 2. The 29Si resonance signalrious copolymers.
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Table 2. As can be seen both the germane and
stannane copolymers with methylphenylsilane
show signals at higher frequencies than those
attributable to the catenated methylphenylsilane
units. In all cases, signals attributable to the differ-
ent triad configurations of PMPS can be seen in
the spectra (39 to 42 ppm) [32].
Certain of the stannane-containing copolymers
were studied by 119Sn NMR. An example of a typ-
ical 119Sn NMR spectrum is given in Fig. 3 and ex-
act chemical shifts are given in Table 3. TheTable 2
29Si NMR resonance signals and assignments for the copolymers det
Copolymer Bu2Si MePhSi–X
a Hetero
PDBS 24.3 – –
PDBS-co-PMPS 23.6 30 to35 39.1
PDBGe-co-PMPS – 30 to 33.8 39.0
PDBSn-co-PMPS – 30 to 33.8 39.1
PDPGe-co-PMPS – 27.5 to 35.2 38.9
a Where X = Bu2Si, Bu2Ge, Ph2Ge or Bu2Sn.
Fig. 3. 119Sn spectra of Pinterpretation of 119Sn NMR spectra in terms of
the substituents about a tetravalent Sn atom is
not as straightforward as those of 13C, 1H or even
29Si spectra [22]. Nevertheless, a number of signals
are clearly visible and of these the major resonance
occurs at 199.1 ppm. The chemical shift for the
Sn in poly(di-n-butylstannane) has previously been
reported by two groups as 191.6 ppm [23] and
189.6 ppm [14b]. A shift to higher resonance fre-
quencies upon replacing a Sn atom with a Si atom
in Sn–Sn bonds is in accordance with trends that
have been recorded for small discrete organome-ermined at 30 C in CDCl3 solutions
MePhSi SyndioMePhSi IsoMePhSi
– – –
39.8 41.1 45.2
39.8 41.0 –
39.6 41.1 45.5
39.6 40.6 –
DBSn-co-PMPS 4.
Table 3
119Sn NMR resonance signals and assignments for PDBSn-co-
PMPS 4 determined at 30 C in CDCl3 solution
Signal Assignment
127.8 –Bu2Sn–OCH3
99 Unknown
179.8 –MePhSi–Bu2Sn–Bu2Sn–MePhSi–
199.1 –MePhSi–Bu2Sn–MePhSi–
206.9 Sn5, Sn6, SnSi cyclics?
227.7 Si–Sn cyclics?
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tentatively assigned to a stannane unit sandwiched
between two Si units. The smaller peak at
179.8 ppm is attributed to the resonance signal
arising from distannane units flanked by Si units.
However, this has yet to be confirmed and further
NMR experiments are in progress. Some further
discussion of the 119Sn NMR signals can be found
in the X-ray Absorption Spectroscopy sub-section.
The small peaks at higher frequencies than
199 ppm (at 200 to 210 ppm and at
227.7 ppm) are attributed to traces of cyclic Sn
species. The former are likely to be pure Sn cyclics
and the latter possibly Sn cyclic molecules with Si
atoms. That the major peak does not arise from
Sn5 or Sn6 cyclics is readily proven by SEC where
no peak attributable to these species is present
after purification. A further major signal is ob-Fig. 4. A comparison of the UV–vis absorption spectra for theserved at 127.8 ppm and this is attributed to Sn
units at the termini of the chains where the residual
chlorine atom has been replaced with methoxy
groups following the alkolysis resulting from
quenching of the reaction with anhydrous metha-
nol. It has not yet been ascertained whether any
Sn(II) units exist within these copolymers but if
they do it is unlikely that they would be stable un-
der the conditions utilised in the work-up. How-
ever, the chemical shifts of such structures tend
to occur outside of the frequency sweep range em-
ployed in these studies [22].
3.3. UV–vis spectroscopic analysis
The kmax for PDBS was 314 nm and for PDBGe
it was 328 nm (Table 1); these values agree with
those previously reported for these homopolymers.
[25] The UV–vis spectra of PDBS-co-PMPS,
PDBGe-co-PMPS and PDBSn-co-PMPS 3 are
compared in Fig. 4 and the kmax values are given
in Table 1. All of the spectra show broad absorp-
tion bands in the near UV region with kmax values
between 300 and 350 nm. Both PDBS-co-PMPS
and PDBGe-co-PMPS display lower kmax than
for PMPS (339–340 nm) as a result of the de-
creased number of phenyl p-orbital interactions
with the conjugated backbones in these copoly-
mers. The compositions of PDBS-co-PMPSdi-n-butyl copolymers of silane, germane and stannane.
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MePhSi:Bu2Ge) were similar, though PDBSn-co-
PMPS 3 (5.5:1 MePhSi:Bu2Ge) contained less
dibutyl units than the former copolymers. Irre-
spective as can be seen from Fig. 4, the kmax values
increase for the otherwise structurally similar
copolymers, with the relative atomic size of the
heteroatom content. The resulting absorption
bands fall within the range of values for each of
the homopolymers and PMPS and this would ac-
cord with the incorporation of the Ge and Sn into
the methylphenylsilane backbone.
Incorporation of the di-n-BuSn units into PMPS
does not lead to an increase of the kmax which
remains in the region of 338–341 nm but, as previ-
ously observed, it does lead to a broadening of the
UV absorption signal into the lower frequency
region [12]. Increasing the relative amounts of di-
n-BuSn units in the copolymers leads to a gradual
red-shift in the low frequency side of the absorption
band (Fig. 5). The kmax of PMPS is typically 338–
341 nm and that of poly(di-n-butylstannane) is
390 nm [14b,26]. The r-conjugation in polysilanes,
polygermanes and polystannanes arises from the
overlap of the geminal and vicinal sp3 hybrid orbi-
tals along the polymer backbones. In contrast to
the polygermanes the polystannanes generally
show substantially higher kmax values for the r–r*Fig. 5. A comparison of the UV–vis absorption spectra for poly(di-n
with varying molar ratios of silane:stannane in the copolymer.absorption band of their UV–vis spectra compared
to the analogous polysilanes, presumably a conse-
quence of the increase in the overlap of the orbitals
resulting from the increased atomic size of tin
over silicon. Such an effect is not as pronounced
for Ge compared to Si polymers as a consequence
of the d-block contraction effect on descending
the Si to Ge period (the covalent radii of Si(IV),
Ge(IV) and Sn(IV) are 1.17, 1.22 and 1.44 A˚
respectively) [31].
3.4. X-ray absorption spectroscopy (EXAFS,
XANES)
One of the organosilane-organostannane
copolymers (PDBSn-co-PMPS 2) was analysed
by extended X-ray absorption fine-structure
spectroscopy (EXAFS) and X-ray absorption
near-edge spectroscopy (XANES). [27] EXAFS in-
volves incident X-rays ejecting core electrons from
the atom under study (e.g a 1 s (K) electron from
an Sn atom) and this photoelectron being back-
scattered by the neighbouring atoms. This is a
short range effect (up to 6 A˚) and is sensitive to
the local co-ordination environment of the atom
under study and is determined by the energy of
the incident X-rays. It is ideal for samples lacking
long-range crystalline order. A high degree of data-butylstannane-co-methylphenylsilane)s (PDBSn-co-PMPS 1-3)
Table 4
Results of Sn K-edge EXAFS analysis of PDBSn-co-PMPS 2
Bond Bond length (A˚) Coordination number
Sn–Sn 2.82 0.8
Sn–Si 2.58 1.3
Sn–C 2.15 (2.0)
The Sn–C coordination number was kept fixed and other
parameters refined as described in the text. (Bond lengths in
Angstrom are plus-or-minus 0.02 A; coordination numbers
plus-or-minus 20%.)
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and co-ordination numbers can be obtained; these
are averaged over the whole sample. For XANES
the photoelectron is not completely ionised but
promoted to an empty higher level orbital and this
provides direct information on the oxidation state
and bonding environment of the atom of interest
[28].
Neither of these techniques is routinely em-
ployed in the analysis of polymers, primarily be-
cause the majority of polymers are carbon-based
and the necessary X-ray energies are not easily
accessible. Surprisingly, to the best of our knowl-
edge neither EXAFS nor XANES has seen any
systematic application to the analysis of inorganic
polymers. This is the first time these techniques
have been employed to investigate the bonding
and so give a direct measurement of an Si–Sn dis-
tance in this type of Group XIV polymer.
A representative X-ray absorption spectrum is
shown in Fig. 6. In the XANES region of the spec-
trum, the ‘‘white line’’ at the absorption edge
shows that the tin atoms in the copolymer are
more oxidised than those in bulk tin metal, but
their average oxidation state is relatively low. This
can be correlated with the 119Sn NMR chemical
shift values of the different types of tin atoms in
the copolymer. The results of the EXAFS struc-
tural refinement of sample PDBSn-co-PMPS 2
are shown in Table 4.
For the data refinement, the Sn–C coordination
number was set to a fixed value of two as this wasFig. 6. Sn K-edge EXAFS analysis of PDBSn-co-PMPS 2.the number of Sn–C bonds in the monomer prior
to polymerisation. The other nearest neighbours
of the tin atoms were modelled as a mixed shell
of tin and silicon atoms, with the relative propor-
tions of those atoms allowed to refine freely. The
Sn–C, Sn–Si and Sn–Sn distances were also al-
lowed to refine freely.
The total Sn–Si and Sn–Sn coordination num-
ber refined to a value close to the 2.0 expected
for a linear copolymer chain. The experiment con-
firms the presence of both Sn–Si and Sn–Sn bonds
in the copolymer structure. The coordination num-
bers of the tin atoms are Sn–Si 1.3 and Sn–Sn 0.8,
apparently implying a Si:Sn composition ratio of
1.3:0.8 = 1.6:1 (in contrast to a ratio from NMR
of 6.2:1). However the Sn coordination numbers
on their own do not tell us the composition of
the polymer, which could only be obtained if the
Si coordination numbers were also known. This
is clear if we think about a copolymer with a 1:1
composition and a completely alternating struc-
ture, –Si–Sn–Si–Sn–Si–. This has tin coordination
numbers of 2.0 for silicon and 0.0 for tin. Conse-
quently the rather high coordination number of
0.8 for tin does not show necessarily that there is
a larger quantity of tin in the polymer, but it does
imply that there is preferential ordering of tin
atoms in pairs or chains. This is further supporting
evidence for the presence of Sn–Sn dimer units
that were tentatively proposed as the origin for
one of the resonance signals observed in the
119Sn NMR spectra (179 ppm). This data
may also suggest the possibility that very few Si–
Sn–Si triads exist at all in the chain microstructure
and the two major signals in the 119Sn NMR spec-
tra (at 179 and 199 ppm) in fact arise from
dimers and higher catenated Sn sequences (e.g.
134 A. Mustafa et al. / Reactive & Functional Polymers 66 (2006) 123–135Sn–Sn–Sn). However it must be emphasised that
coordination numbers in EXAFS analysis are of-
ten regarded as imprecise; an uncertainty of
±20% is often quoted.
The experiment gives much more definite infor-
mation about the bond lengths to the tin atoms,
which are effectively independent of the constraints
applied to the coordination numbers in the refine-
ment. The bond lengths obtained (Table 4) corre-
spond to those expected for Sn based compounds
both from literature data [29] and molecular mod-
elling [30].4. Conclusion
A number of polysilane-based copolymers with
organogermanes and organostannanes have been
prepared by the Wurtz-type reductive coupling of
the corresponding dichlorodiorgano group 14 pre-
cursors. Poly(di-n-butylsilane) and poly(di-n-
butylgermane) were also synthesised by the room
temperature polymerisation of the dichloro-pre-
cursors in THF at room temperature and obtained
in the highest reported yields to date from a
Wurtz-type polymerisation. The polymers and
copolymers were characterised by 1H, 13C, 29Si
and 119Sn NMR spectroscopy and UV–vis spec-
troscopy. The 29Si and 119Sn NMR spectroscopic
data provided unambiguous evidence for the
incorporation of germane and stannane units into
the predominantly polysilane backbones. The
119Sn analysis is the first reported for such copoly-
mers and a preliminary interpretation of the chem-
ical shift assignments suggests that the stannane
units are incorporated into the chains as mono-
mers (Si–Sn–Si) and as dimers (Si–Sn–Sn–Si)
though further investigations are required to con-
firm these tentative assignments. UV–vis spectros-
copy demonstrated that increasing the molar
ratios of stannane:silane in the final copolymer
led to a red-shift in the observed broad absorption
peak. One of the organosilane-organostannane
copolymers was analysed by extended X-ray
absorption fine-structure spectroscopy (EXAFS)
and X-ray absorption near-edge spectroscopy
(XANES). Bond lengths were obtained for Sn–
Sn (2.82 A˚), Sn–Si (2.58 A˚) and Sn–C (2.15 A˚)and they correspond to those expected for Sn
based compounds. Both 119Sn NMR spectroscopy
and EXAFS/XANES have been shown to be use-
ful tools for analysis of the microstructure of
stannane containing copolymers.Acknowledgements
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